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S U M M A R Y 
SUMMARY 
A high proportion of human cancers are attributable to environmental 
agents including the dietary sources of mutagens and carcinogens. Several 
well defined classes of genotoxic compounds have been identified in processed 
and unprocessed foods. These include flavonoids, polycyclic aromatic 
hydrocarbons, safrole, furans and tannins. Therefore, dietary mutagens have 
attracted considerable interest and a number of studies on dietary practices in 
relation to cancer have been undertaken. For example, the predominance of 
certain foods in some countries has been related to the incidence of certain 
types of cancer in their populations. 
Flavonoids are widely distributed plant derived dietary constituents 
and are genotoxic agents. They form active constituents of a number of herbal 
and traditional medicines. In addition to their putative environmental and 
dietary hazard, flavonoids have been implicated as novel antiviral and antitumor 
compounds. In earlier reports from this laboratory it was shown that quercetin 
and other flavonoids cause strand scision in DNA in the presence of Cu(II) 
and that this reaction is associated with the transient reduction of Cu(II) to 
Cu(I) and the generation of active oxygen species. 
The experiments described in this thesis explore flavonoid-Cu(II) 
mediated DNA strand scission reactions with a variety of flavonoids differing 
in their hydroxyl group substitution pattern. A synthetic flavonoid (7,8 
dihydroxy-flavone) that lacks the possibility of forming a complex is also 
examined by comparing with the reactivit ies of other flavonoids. 
Generalizations for the correlation of structure and activity are drawn and 
evidence for three different modes of action of flavonoids as genotoxic agents 
is presented. 
Previous studies by others have shown that thiols such as glutathione 
cause cleavage of DNA in the presence of Cu(II) ions and that the hydroxy] 
radical derived from molecular oxygen is the major cleaving species. I have 
used flavonoid quercetin as an electron donor to demonstrate that oxygen is 
not required for degradation of DNA by glutathione and Cu(II). Indirect 
evidence is presented to indicate that glutathione may substitutes oxygen as 
an electron acceptor. In addition, DNA degradation to a significant extent 
occurs under anaerobic conditions and no inhibition of single-strand cleavage 
of supercoiled plasmid DNA is seen in the presence of superoxide dismutase 
and catalase. In view of the ubiquitous presence of glutathione, these results 
could be of interest under certain diseased conditions where copper 
concentrations are elevated in tissues. 
IISfTRODUCTIOSr 
It is generally accepted that a high proportion of human cancers is 
attributable to environmental agents, mainly environmental chemicals. The 
distribution of potential carcinogens in the environment is essentially 
ubiquitous. The human diet contains a variety of naturally occurring mutagens 
and carcinogens (Ames, 1983). The predominance of certain foods in some 
countries has been related to the incidence of certain types of cancers in their 
populations. Therefore, dietary mutagens have attracted considerable interest 
in the past decade and a number of studies on dietary practices in relation to 
cancer have been undertaken. These studies suggest that a greater intake of 
fibre rich cereals, vegetables, fruits and a lower consumption of fat rich 
products and alcohol would be advisable (Doll and Peto, 1981; Peto and 
Schneiderman, 1981). Although quite a large number of dietary components 
have been evaluated in microbial and animal tests systems, there is still a lack 
of definitive evidence about their carcinogenicity and mechanism of action. 
A majority of chemical carcinogens are known to form covalent adducts with 
DNA and there is a large body of evidence implicating DNA as a critical target 
in chemically induced cancer (Miller, 1978; O'Connor, 1981). In order to 
understand carcinogenesis at the molecular level, it is essential to determine 
the conformational changes in the target macromolecules and relate these 
findings to possible aberrations in the functioning of modified macromolecules. 
Of late, there has also been an increasing interest in oxygen radicals and lipid 
peroxidation as a source of damage to DNA and therefore as promoters of 
cancer (Harman, 1981; Gensler and Bernstein, 1981; Totter, 1980; Tappel, 
1980. In addition, mammalian systems have evolvedmany defence mechanisms 
as protection against mutagens and carcinogens. The most important of such 
mechanisms may be those against oxygen radicals and lipid peroxidation. 
Mutagens and carcinogens in dietary plant material : 
It is obvious that food is a very complex substance to which humans arc 
exposed. Most people perceive food substances of natural origin as free of 
ri sk. Such acceptance is largely based on faith because our objective knowledge 
on this topic is relatively poor. A large number of chemicals are synthesized 
by plants, presumably as a defence against a variety of invasive organisms, 
such as bacteria, fungi and insects (Kapadia, 1982; Clark, 1982; Pamukcu et 
al., 1980; Stich et al., 1981a). The number of these toxic chemicals is 
extremely large and new plant chemicals are being continuously discovered 
(Jadhav et al., 1981; Griesebach andEbel, 1978). It has been known for many 
years that plants contain carcinogens and a number of edible plants have 
shown experimental carcinogenic activity for several species and various 
tissues. Wide use of recently discovered short term tests for detecting 
mutagens (Ames. 1979; Stich and San, 1981) and a number of animal cancer 
tests on plant substances have contributed to the identification of man\ 
natural mutagens and carcinogens in the human diet (Kapadia, 1982). Some 
examples of most frequently ingested compounds are discussed below. 
Safrole and estragole are related compounds, which occur in certain 
spices and essential oils and are weak hepatocarcinogens (Fenaroli, 1971; 
Guenther and Althausen, 1949). Recent studies have implicated 1 -
hydroxysafrole and I ' -hydroxyestragole, respectively as proximate 
carcinogenic metabolites of safrole and estragole (Drinkwater et al., 1976; 
Borchert et al., 1973). Eugenol and anethole are structurally related to safrole 
and estragole and are widely used as flavouring agents or as food additives 
Black pepper contains small amounts of safrole and large amounts of closely 
related compound piperine (Concon et al., 1979). Extracts of black pepper 
cause tumors in mice at a number of sites at a dose equivalent to 4 mg of dried 
pepper per day given for 3 months. 
Ivie et al.. (1981) have reported that linear furocoumarins (psoralens), 
which are widespread in plants of the Umbelliferae family, are potent light 
activated carcinogens and mutagens. Three of the most common phototoxic 
furocoumarins are psoralen, xanthotoxin and bergapten. In addition to 
Umbelliferae, psoralen also occurs in plants from several other families (Ivie. 
1978). Psoralens are potent photosensitizers and highly mutagenic in the 
presence of activating long wavelength UV light. They readily intercalate into 
duplex DNA where they form light induced mono- or diadducts with pyrimidine 
bases. Psoralen, in the presence of light, is also effective in producing oxygen 
radicals (Yaeta l . , 1982). 
Pyrrolizidine alkaloids are naturally occurring carcinogens and have 
been found in some fifty species of the families Compositae, Boraginaceae 
and Leguminase (Schoental, 1982), which are used as foods or herbal 
remedies. Several of these alkaloids are hepatotoxic and certain hepatotoxic 
pyrrolizidine alkaloids are also carcinogenic (Hirono et al., 1977; Schoental. 
1976). Testing of pure pyrrolizidine alkaloids for carcinogenicity has not 
been extensive for reasons of a limited supply of these chemicals. However, 
a number of these alkaloids have been reported to be mutagenic (Clark, 1 960) 
in Drosophila and Aspergillus systems (Alderson and Clark, 1966). Recently. 
Mori et al. (1985) have used a hepatocyte primary culture DNA repair test to 
screen seventeen pyrrolizidine alkaloids for their DNA damaging property 
This test is highly responsive to carcinogenic pyrrolizidine alkaloids (Williams 
et al., 1980). Among the results obtained by these authors is the indication of 
a species difference in liver bioactivation of these alkaloids. This implies that 
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there may be species difference in the carcinogenic potential of pyrroli/idinc 
alkaloids. 
Edible mushrooms contain various hydrazine derivatives in relativeK 
large amounts. Most hydrazines that have been tested have been found to bo 
carcinogenic and mutagenic. The most common commercial mushroom. 
Agaricus bisporus contains about 300 mgofagaritine,the_-glutamyl derivative 
of the mutagen 4-hydroxy methylphenylhydrazine. per 100 gm of mushrooms 
as v^ell as smaller amounts of the closely related carcinogen N-acetyl-4-
hydroxymethylphenylhydrazine (Toth et al.. 1982). Some agaritine is 
metabolized by the mushroom to a diazonium derivative, which is a potent 
carcinogen and is also present in the mushroom in smaller amounts. Manx 
hydrazine carcinogens may act by producing oxygen radicals (Hostein and 
Jain, 1981). 
A number of 1,2-dicarbonyl compounds e.g., maltole. kojic acid. 
ethylmaltole, diacetyl and glyoxal have been found to be mutagenic in the 
Salmonella/Microsome assay. Several compounds in this class are of 
toxicological interest because they occur in various foods. For example. 
maltole is a product of carbohydrate dehydration and is present in coffee. 
soyabeans and baked cereals such as bread. Kojic acid is a metbabolite of 
many microorganisms including several fungi used in food production, while 
diacetyl is an aroma component of butter, beer, coffee, etc. (Fishbein, 1983) 
A number of furans, such as 2-methylfuran, 2,5-dimethylfuran, furfural, 5-
methylfurfural and 2-furylmethylketone are found in numerous food products 
including meat, milk products, various nuts, tea and coffee (Maga. 1979) 
Stich et al. (1981b) have reported that these furans induced relatively high 
frequencies of chromatid breaks and chromatid exchanges when they were 
exposed to cultured Chinese hamster ovary (CHO) cells in the absence of a 
liver microsomal preparation. The clastogenic doses of many of the furans 
were relatively high (100-3900 ppm), whereas the concentration in food 
products was relatively low. However, Stich et al. (1981b) cautioned that the 
furans are not the only genotoxic chemicals in the complex mixture of heated, 
roasted or boiled food products and even if the furans do not pose a serious 
health hazards by themselves due to their small amounts in most food items, 
they do contribute significantly to the total genotoxicity of many consumable 
foods and beverages. 
In addition to pyrrolizidine alkaloids, certain glycoalkaloids found in 
potato, such as solanine and chaconine, have been reported to be highly toxic 
as they are strong inhibitors of cholinesterase (Jadhav et al., 1981). 
Pyrrolizidine alkaloids and other glycoalkaloids can reach levels which can 
be lethal to humans in potatoes that are diseased or exposed to light (Katsui 
e tal . , 1982). 
Cyclopropenoid fatty acids, present in cotton seed and other oils have 
been reported to be carcinogenic and mitogenic having various toxic effects 
in farm animals. Among these, sterculic acid andmalvalic acid are widespread 
in the human diet. They are also potentiaters of carcinogenicity of aflatoxins 
(Hendricks et al., 1980). Human exposure to these fatty acids results from the 
consumption of products of animals fed on cotton seed. Another major toxin 
in cotton seed is gossypol, which accounts for about 1% of its dry weight. 
Gossypol causes male sterility through formation of abnormal sperm and is 
carcinogenic as well (Xue, 1980). It is a potent initiator and also promoter of 
carcinogenesis in mouse skin (Haroz and Thomassan, 1980), Gossypol has 
been tested in China as a possible male contraceptive as it is inexpensive and 
10 
causes sterility during use. Its mode of action as a spermicide is presumabK 
through the production of oxygen radicals. 
A number of quinones and their phenolic precursors are found in the 
human diet and have been shown to be mutagens (Stich et al., 1981b; Brown. 
1980; Levin et al., 1982). Quinones are quite toxic as they can act as 
electrophiles or accept a single electron to yield the semiquinone radicals 
which can react directly with DNA or generate superoxide radicals 
(Morimoto et al., 1983; Kappus and Sies, 1981). Many dietary phenols can 
autoxidize to quinones generating hydrogen peroxide at the same time. The 
amounts of these phenols in human diet are appreciable, for example, catechol 
which is mainly derived from metabolism of plant substances is a potent 
promoter of carcinogenesis and an inducer of DNA damage (Carmella et al.. 
1982). 
In addition, these are many other dietary compounds which have been 
shown to be mutagenic and carcinogenic in various test systems 
Allyloisothiocyanate, a major flavour ingredient of mustard oil, is one of the 
main toxins of mustard seeds and has been shown to be a carcinogen in rats 
(Dunnick et al., 1982). Phorbol esters, present in plants of Euphorbiacea 
family, are potent promoters of carcinogenesis and cause nasopharyngeal and 
esophageal cancers (Hecker, 1981). A variety of carcinogens and mutagens 
are present in mold contaminated food grains, nuts and fruits. Some of these, 
such as various aflatoxins, are among the most potent carcinogens and 
mutagens known (Hirono, 1981; Tazima, 1982). Nitrosoamines and other 
nitrosocompounds formed from nitrate and nitrites in food have been directlx 
related to the incidence of stomach and esophageal cancer. Nitrates are 
present in large amounts in spinach, radish, lettuce and beans (Magee. 1982). 
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Although alcohol is not a constituent of a normal human diet, in view ol its 
widespread use. it would be relevant to mention its toxic role. Alcohol has 
long been associated with the cancer of mouth, pharynx and liver (Tuyns et 
al.. 1982). Alcohol metabolism generates acetaldehyde, which is a mutagen 
and possibly a carcinogen (Stich and Rosin, 1983; Campbell and Fantel. 
1983). It also generates radicals that produce lipid hydroperoxides and other 
mutagens and carcinogens (Winston and Cederbaum, 1982; Videla et al . 
1982). 
Dietary fat - A possible source of carcinogens 
Fat accounts for approximately 40% of the calories in the human diet 
There is epidemiological evidence relating high fat intake with colon and 
breast cancer. Animal studies have indicated that high dietary fat is a 
promoter and a presumptive carcinogen (Kinlen, 1983; Fink and Kritchevsky. 
1981; Wlesch and Aylsworth, 1983). Two plausible mechanisms, involving 
oxidative processes, have been considered to account for the relationship 
between high fat intake and the occurrence of cancer and heart diseases 
According to the first mechanism, rancidity of fat yields a variety of mutagens 
and ca rc inogens , such as fatty acid hydroperoxides , cholesterol 
hydroperoxides, fatty acid epoxides and aldehydes (Simic and Karel. 1980; 
Bischoff. 1969; Petrakis et al., 1981; Imai et al., 1980; Ferrali et al.. 1980) 
Alkoxy and hydroperoxy radicals are also formed (Pryor, 1976-1982) 
Therefore the colon and digestive tract are exposed to a variety of fat den\ed 
carcinogens. The second possible mechanism involves hydrogen peroxide, 
which is generated by the oxidation of dietary fatty acids by peroxisomes. 
Each oxidative removal of two carbon unit generates one molecule of hydrogen 
peroxide, a known mutagen and carcinogen (Reddy et al., 1982; Plain. 1955) 
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Some hydrogen peroxide may escape the catalase in the peroxisomes and thus 
contribute to the supply of oxygen radicals (Speit et al., 1982: Jones et al . 
1981). Oxygen radicals in turn can damage DNA and can start the rancidity 
chain reaction, which leads to the production of the mutagens and carcino-
gens mentioned above (Pryor, 1976-1982). 
Mutagens and carcinogens produced in cooking : 
Sugimura and his colleagues (1978, 1979) as well as others (Pariza et 
al.. 1983) have reported that the burnt and browned materials from heating 
protein during cooking is highly mutagenic. Pyrolysis of protein produces 
strong frame-shift mutagens that require metabolic activation by rat liver S9 
fraction (Nagao et al., 1977). Pyrolysates of amino acids also sho\\ \arious 
mutagenic activities (Matsumoto et al., 1977). Among the various amino 
acids, the pyrolysate of tryptophan has been found to be most mutagenic 
followed by those of serine, glutamic acid, ornithine and lysine. 
Pyrolysates of various sugars, such as glucose, arabinose, fructose and 
sorbitol, are all mutagenic in S. typhimurium system without metabolic 
activation. Pyrolysate of glucose was found to contain acetaldehyde and 
glyoxal which are mutagenic to S. typhimurium (Nagao etal. , 1978). Caramel, 
which is sugar derived and is widely used as a food colouring and flavouring 
agent, is also mutagenic in Salmonella test systems, but has no carcinogenic 
effect when fed to rats as 6% of the diet for two years (Evans et al . 1977) 
Coffee contains a considerable amount of burnt material including the 
mutagenic pyrolysis product methylglyoxal (Sugimura and Sato. 1983). One 
cup of coffee also contains about 250 mg of the natural mutagen chlorogenic 
acid(Stich etal . , 1981a) and about 100 mg of caffeine which can cause birth 
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defects at high levels in several experimental species (Fabro. 1982). There is 
inconclusive evidence to suggest that heavy coffee drinking is associated with 
cancer of the ovary, bladder, pancreas and the large bowel (Trichopoulos et 
al.. 1981). Rancidity reaction of cooking oils and animals fat is accelerated 
during cooking, thus increasing intake of mutagens and carcinogens (Simic 
andKarel, 1980). 
Food additives : 
Sodium nitrite is extensively used as a preservative in meat, fish and 
cheese. A possible formation of nitrosamines from amines, present in or 
derived from the diet, occurs by reaction with nitrous acid at acidic pH. In 
humans, gastric juice attains a pH of nearly 1.0. Such high concentration of 
hydrogen ions gives rise to the nitrosyl cation No" ,^ which is a highly reactive 
nitrosylating agent. Nitrous acid itself is a known mutagen for various 
bacterial and fungal cells. Its mutagenicity is presumably related to the 
deamination of adenine and cytosine (Fishbein et al., 1970). Sodium bisulphite 
is used as a bacterial inhibitor in a variety of beverages and as a preservative 
in canned fruits and vegetables. The bisulphite anion reacts, rather specifically, 
with uracil and cytosine, within single stranded regions of DNA and RNA. It 
is also mutagenicto bacteria and bacteriophages (Singer, 1983). EDTA and its 
alkali salts are widely used as sequesterants in various foods. They are useful 
as antioxidants due to their property of forming poorly dissociable chelate 
complexes with trace quantity of metal ions such as copper and iron in fats and 
oils. EDTA has been shown to induce chromosome aberrations and breakage 
in various plant species. 
Saccharin was synthesized in the last century and since then it has been 
widely used as an artificial sweetner. Reports on the mutagenicity and 
lA 
carcinogenicity of saccharin are conflicting and these activities are thought to 
be due to impurities present in saccharin preparations (Kramers, 1975) The 
possibilit>' of an in vivo conversion of saccharin into a mutagenic metabolite 
has also been suggested (Batzinger et al.. 1977). Another artificial sweetner. 
which was wadely used but is now banned in USA and many other countries, 
is cyclamate. Cyclamate induces chromosome breakage in cells of several 
plant and animal species. It is converted in vivo into cyclohexylamine. which 
is also an inducer of chromosome breaks (Fishbein et al., 1970). 
Oxygen radicals and cancer : 
One of the theories of etiology of cancer which is being wideh 
accepted, holdsthat the major cause is damage to DNA by oxygen radicals and 
lipid peroxidation (Ames, 1983; Totter, 1980). Several enzymes produce 
superoxide anion (O O^ during the oxidation of their substrates, for example. 
xanthine oxidase and peroxidase (Buetner et al., 1978; Duran et al.. 1977) 
Numerous substances such as reduced flavins and ascorbic acid upon 
autoxidation produce superoxide anion. This radical further accepts an electron 
from a reducing agent, such as thiols to yield peroxide (H^O^). There is in 
vitro evidence that H^O^ may then react with certain chelates of copper and 
iron to yield the highly reactive hydroxyl free radical (OH ) (Wolff et al . 
1986). That the superoxide anion actually appears in metabolism is confirmed 
by the ubiquitous occurrence of superoxide dismutase. Indeed, certain white 
blood cells generate superoxide deliberately by means of a specialized 
membrane bound NADPH oxidase and this participates in the killing of 
microorganisms and tumour eels (Wolff et al., 1986). 
It has been suggested that certain promoters of carcinogenesis act b\ 
generation of oxygen radicals, this being a common property of these 
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substances. Fat and hydrogen peroxide are among the most potent promoters 
(Welsch and Aylsworth, 1983). Other well known cancer promoters are lead, 
calcium, phorbol esters, asbestos and various quinones. In flammatory reactions 
lead to the production of oxygen radicals by phagocytes and this is the basis 
of promotion by asbestos (Hatch et al., 1980). Many carcinogens which do not 
require the action of promoters and are by themselves able to induce 
carcinogenesis (complete carcinogens), also produce oxygen radicals 
(Demopoulos et al., 1980). These include nitroso compounds, hydrazines, 
quinones and polycyclic hydrocarbons. Much of the toxic effect of ionizing 
radiation damage to DNA is also due to the formation of oxygen radicals 
(Totter, 1 980). The mechanism of action of promoters involves the expression 
of recessive genes and an increase in gene copy number through chromosome 
breaks and creation of hemizygosity (Kinsella, 1982; Varshavsky. 1981) 
Promoters also cause modification of prostaglandins which are intimateh 
involved in cell division, differentiation and tumour growth (Fischer et al . 
1982). Most data on radical damage to biological macromolecules concern 
with the effects of radiation on nucleic acids because of the possible genetic 
effects. However, in view of the catalytic role of enzymes, damage to proteins 
is also considered important. It has been suggested that primary oxygen 
radicals, produced in cells and their secondary lipid radical intermediates, 
modify and fragment proteins. The products are often more susceptible to 
enzymatic hydrolysis leading to accelerated proteolysis inside and outside the 
cells (Wolff e ta l . , 1986). 
Anticarcinogens : 
The protective defence mechanisms against mutagens and carcinogens 
include the shedding of surface layer of the skin, cornea and alimentary canal 
If oxygen radicals play a major role in DNA damage, defence against these 
agents is obviously of great importance (Totter, 1980). The major source of 
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endogenous oxygen radicals are hydrogen peroxide and superoxide which arc 
generated as side products of metabolism (Pryor, 1976-1982). In addition, 
oxygen radicals also arise from phagocytosis after viral and bacterial infection 
or an inflammatory reaction (Tauber, 1982). The exogenous oxygen radical 
load is contributed by a variety of environmental agents (Pryor, 1976-1982) 
The enzymes that protect cells from oxidative damage are superoxide 
dismutase, glutathione peroxidase (Pryor, 1976-1982), D,T-diaphorase (Lind 
etal. , 1982) and glutathione transferases (Warholm et al., 1981). In addition 
to these enzymes, some small molecules in the human diet act as antioxidati ve 
agents and presumably have an anticarcinogenic effect. Some of these 
compounds are discussed below. 
Tocopherol (Vitamin E) is an important trap of oxygen radicals in 
membranes (Pryor, 1976-1982) and has been shown to decrease the 
carcinogenic effect of quinones, adriamycin and daunomycin which are toxic 
because of free radical generation (Ames, 1983). Protective effect of 
tocopherols against radiation induced DNA damage and dimethylhydrazine 
induced carcinogenesis have also been observed (Beckman, et al., 1982) B-
Carotene is a potent antioxidant present in the diet and is important in 
protecting lipid membranes against oxidation. Singlet oxygen is a highh 
reactive form of oxygen, which is mutagenic and is mainly generated b\ 
pigment mediated transfer of energy of light to oxygen. Carotenoids are free 
radical traps and are remarkably efficient as quenchers of singlet oxygen 
(Packer et al., 1981). B-Carotene and similar polyprenes are also the main 
defence in plants against singlet oxygen generated as a by product of the 
interaction of light and chlorophyll (Krinsky and Deneke, 1982). Carotenoid.s 
have been shown to be anticarcinogenic in rats and mice and may also have 
a similar effect in humans (Mathews-Roth, 1982; Peto et al., 1981). Glutathione 
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is present in food and is one of the major antioxidants and is antimutagenic 
in cells. Glutathione transferases are a major defence against oxidative and 
alkylating carcinogens (Warholm et al., 1981). Dietary glutathione is an 
effective anticarcinogen against aflatoxins (Novi, 1981). The cellular 
concentration of glutathione is influenced by dietary sulphur amino acids 
(Tateishi et al., 1981). Selenium, which is present in the active site of 
glutathione peroxidase, is another important dietary anticarcinogen 
Glutathione peroxidase is essential for destroying lipid hydroperoxides and 
endogenous hydrogen peroxide and therefore helps to prevent oxygen radical 
induced lipid peroxidation (Flohe, 1982). Several heavy metal toxins, such as 
Cd-^ (a known carcinogen) and Hg^^ decrease glutathione peroxidase activitx 
by interacting with selenium (Flohe, 1982). Some other dietary antioxidants 
include ascorbic acid and uric acid. The former has been shown to be 
anticarcinogenic in rodents treated with UV light and benzo(a)pyrene 
(Hartman. 1982). Uric acid is present in high concentrations in the blood of 
humans and is a strong antioxidant (Ames et al., 1981). A low uric acid Ie\el 
has been considered a risk factor in cigaratte caused lung cancer; however, too 
high levels may cause gout. 
In addition, edible plants contain a variety of substances such as 
phenols that have been reported to inhibit or enhance carcinogenesis and 
mutagenesis in experimental animals (Ames, 1983). The inhibitory action of 
such compounds may be due to the induction of cytochrome (P-450) and other 
metabolic enzymes (Boyd et al., 1982). The optimum levels of dietar\ 
antioxidants have not been determined; however, there might be considerable 
variation among individuals. On the other hand, high doses of such compounds 
may lead to deleterious side effects. The differences in cancer rates of various 
populations are generally considered to be due to environmental and life stvle 
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factors such as smoking, dietary carcinogens and promoters. However, these 
differences may also be due to insufficient amounts of anticarcinogens and 
other protective factors in the diet (Maugh, 1979). 
In the past two decades, there has been much emphasis on the induction 
of cancer by occupation and industrial pollution factors. There is growing 
recognition, however, that these may account for only a small fraction of 
human cancer. It is becoming increasingly clear from epidemiological and 
laboratory data that diet is an important factor in the etiology of certain human 
cancers. It has been suggested by Doll and Peto (1981) that in the United 
States diet accounts for 35% of cancer deaths. According to these authors. 
there are five possible ways whereby diet may affect the incidence of cancer: 
(1) ingestion of powerful direct acting carcinogens or their precursors; (ii) 
affecting the formation of carcinogens in the body; (iii) affecting transport, 
activation of deactivation of carcinogens; (iv) affecting "promotion" of cells 
that are already initiated; and (v) overnutrition. Normal individual consumption 
of potentially mutagenic substances per day from foods and beverages is 
estimated to be between 1-2 gm. In addition, the endogenous conditions 
favour the formation of still more mutagens in vivo in humans (Oshshima and 
Bartsch, 1981). 
Mutagenicity of Flavonoids: 
Of late, there has been increasing interest in naturally occurring 
compounds, ingested as part of the normal diet, which are potentially 
mutagenic/carcinogenic (Ames, 1983). One such class of compounds is the 
flavonoids which occur in large amounts in a wide range of food plants 
including many fruits, vegetables, tea, skin of tubers and roots (Hermann. 
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1976). There are many flavonoids in plants and the mutagenicity of more than 
seventy naturally occurring flavonoids has been tested (Nagao et al.. 1<^78). 
Of these, quercetin was the strongest mutagen, followed by kaempferol. 
rhamnetin. galangin, isorhamnetin and fisetin (Brown, 1980; Nagao et al . 
1981). It has been estimated that the average daily intake of flavonoids in the 
American diet is about 1 gm and thus there is clearly a potential hazard 
(Singleton, 1981). All these compounds except quercetin required metabolic 
activation by rat liver enzymes when tested in microbial systems (Nagao et 
al., 1978). The mutagenicity of quercetin was further enhanced by rat liver 
enzymes. This suggests that quercetin may interact directly with cellular 
DNA. Besides the microbial system, flavonoids especially quercetin and 
kaempferol have also been tested for mutagenicity in higher systems, such as 
rat, hamsters and Drosophila. However, in these systems there have been 
conflicting reports on the mutagenicity and carcinogenicity of quercetin 
(Hirono et al., 1981; Pamukcu et al., 1980; Watson, 1982). Whereas studies 
of Ambrose et al. (1952) reported quercetin to be non-carcinogenic to rats fed 
with 1 % quercetin for 410 days. More recent definitive studies of Pamukcu et 
al. (1 980) demonstrated that quercetin was carcinogenic for the intestinal and 
bladder epithelium of the rat when fed as a basic grain diet of 0 .1% quercetin 
(of purity > 99%) for 58 weeks. Although the mechanism of carcinogenicity 
of quercetin is not known, it has shown significant effects on DNA synthesis, 
lactate production and cyclic adenosine 3',5'-monophosphate level in neoplastic 
cells (Podhajcer et al., 1980). 
Quercetin in common with other flavonoids is a candidate substance for 
the development of antiviral agents (Vanden et al., 1986; Van Hoof et al . 
1984) and is a promising compound for the inhibition of tumor invasion 
(Bracke et al., 1987). The mechanism by which quercetin exhibits its antitumor 
activity is not understood. Since it is a frame-shift mutation in S.typhimurium 
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(Ames, 1972) it has been argued that it mught be an intercalating agent 
(Bjeldanes, 1 977). However, there are no chemical data to support this MCW 
Previous studies have suggested that flavonoids function as scavengers of 
reactivt species of oxygen such as singlet oxygen (Takahama et a!.. 1984). 
superoxide anion (Takahama etal . , 1983), and H^O, (Takahama, 1984) From 
the studies on the effect of metal ions, antioxidants and pH on the mutagenicity 
of quercetin in S.typhimurium, Hatcher and Bryan (1985) concluded that this 
reaction is antimutagenic. 
Previous and on going studies in our laboratory on the flavonoids have 
shown that quercetin causes strand scission in DNA in vitro in the presence 
of Cu(II) and molecular oxygen (Rahman et al., 1989). In these studies calf 
thymus DNA, supercoiled pBR322 plasmid DNA and single stranded Ml 3 
phage DNA have shown to be degraded. In the case of plasmid, the products 
were relaxed circles or a mixture of these and linear molecules depending 
upon conditions. For the breakage reaction, Cu(II) could be replaced b\ 
Fe(III) but not by other ions such as Fe^^ Co^^ Ni+^ Mn^, and Ca^'. In the case 
of quercetin-Cu(II) reaction, Cu(I) was shown to be an essential intermediate 
by using the Cu(I)-sequestering rea-gents, neocuproine and bathocuproine 
Further, neocuproine inhibited the DNA breakage reaction. The involvement 
of the active oxygen species in the reaction was established by the inhibition 
of the DNA breakage by various scavengers of active oxygen species 
Structurally related flavonoids rutin, galangin, apigenin, and fisetin. were 
ineffective or less effective than quercetin in causing DNA breakage. In a 
subsequent study (Rahman et al., 1990) quercetin was shown to bind to both 
double and single stranded DNA. Quercetin and Cu(II) form a charge transfer 
complex that decays in an oxygen dependent reaction and this decav is 
accelerated by DNA. It was further shown (Fazal et al., 1990) that quercetin 
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reduces oxygen to superoxide anion and that in the presence of Cu(II) the 
hydroxy! radical is generated. Hydrogenperoxide is an intermediate and 
strand scission involved the hydroxyl radical. The strand scission reaction 
was shown to account for the biological activity for the quercetin as assayed 
by bacteriophage inactivation. 
In more recent studies in this laboratory (Ahmad et al., 1993) it has 
been shown that the rates of DNA degradation, the stoichiometry of Cu(ll) 
reduction and generation of active oxygen species by various structurally 
related flavonoids correlate with the increasing number of OH groups in the 
B-ring of the flavonoid molecule. It was further shown that the binding of 
quercetin to DNA is essentially non-electrostatic.and possibly occurs through 
intercalation of quercetin. The interaction does not show a preference for any 
nucleotide sequences in DNA. This may have implications for use of this 
flavonoid-Cu(II) system as a DNA foot printing reagent (Ahmad et a!.. 1994) 
Salmonella mutagenicity data from several laboratories (Brown, 1980) 
have revealed the basic structural requirements for flavonoid mutagenicity in 
Salmonella typhimurium. The most important of these is the 3-OH group of 
the flavonol structure. The C-5 OH may also be important, although fisetin 
which lacks this hydroxyl is weakly mutagenic. Flavonoids lacking free 
hydroxyl group on the B-ring, for example galangin, or having only 1-OH 
group, for example kaempferol, show an absolute requiremet for microsomal 
activation in order to exhibit mutagenicity for the Salmonella tester strains. 
Quercetin, which possesses 3' and 4' hydroxyl groups of the B-ring, is directly 
mutagenic without metabolic activation. The mutagenicity data of various 
flavonoids when compared with the strand scission in vitro in the presence of 
Cu(II) show a striking similarity. For example, fisetin (which lacks 5-OH) is 
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less effective than quercetin in DNA breakage and galangin (which lacks 3' 
and 4' OH in B-ring) and apigenin (which has only one OH in B-ring at 4 ) 
catalyse DNA breakage to a negligible extent (Rahman et al.. IQS* )^. Thus, 
these findings suggest a direct relationship between mutagenicity and DNA 
degradation capability of various flavonoids. In addition to the structural 
requirement mentioned above Macgregor and Jurd (1978) have further 
suggested that a double bond at the 2,3, position and a structure which permits 
the proton of the 3-hydroxyl group to tautomerise to a 3-keto compound are 
essential for mutagenic activity. 
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Figure 1 : Structures of various flavonoids. 
(a) Quercetin (c) Kaempferol (c) Luteolin (d 
Chrysin (e) 7.8-Dihydroxyflavone (f) 7-Hydr()x\ 
flavone (g) 6-Hydroxyflavone (h) Genistein 
l lX^VOH 
(a) 
OH 0 
(b) 
OH 0 
( C ) 
OH 0 
(d) 
(e) ( f ) 
(a\ 
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SCOPE OF THE WORK PRESENTED 
The objective of the experiments described in the part 1 of the thesis is 
to determine the structural features of flavonoids required for DNA strand 
scission reaction. A number of flavonoids with different hydroxy substituents 
(Fig. 1) which differ in their structural features but are able to catalyse DNA 
degradation to various degrees have been chosen. In part II of the thesis. 1 
have used the flavonoid quercetin as an electron donor to demonstrate that 
oxygen is not required for degradation of DNA by glutathione and Cu(II). 
Glutathione (GSH; y-glutamyl-cysteinyl glycine) is a universal reducing 
agent found in all cells. It is generally considered that reducing compounds 
(H-donors) behave as antioxidants against free radical damage. Prutz (1993) 
has shown that such compounds can also act as pro-oxidants in combination 
with Cu(II). In such reactions Cu(II) is reduced to Cu(I) by GSH through the 
formation of potentially damaging free glutathione radicals (GS ). This 
laboratory has been interested in the mechanism of action of known antioxidants 
of both animal and plant origin. It was shown that antioxidants such as 
flavonoids (Ahmad et al., 1992; Rahman et al., 1990; Fazal et al.. 1990; 
Rahman et al., 1989) that occur in dietary plant material, and the antioxidant 
uric acid (Shamsi and Hadi, 1995), which is present at a relatively high 
concentration in human serum, are capable of causing DNA breakage in the 
presence of Cu(II) through the generation of active oxygen species 
In view of these examples together with those in the literature it was 
suggested that several of the biological antioxidants are themselves capable 
of generating oxygen radicals under appropriate conditions. Reed and Douglas 
(1991, 1989) have studied chemical cleavage of DNA by glutathione in the 
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presence of Cu(II) ions. According to these authors the hydroxy! radical nia\ 
he in\ol\ed in the cleavage mechanism. 
EXPERIMENTAL 
MATERIALS 
Chemicals used for the present studies were obtained from the following 
sources 
Chemicals 
Agarose 
Bathocuproine disulphonate 
Bovine serum albumin 
Catalase 
Chrysin 
Deoxyribonucleic acid 
(Calf thymus type I) 
5-5-Dithiobis-2-nitrobenzoic 
acid (DTNB) 
Diphenylamine 
Ethylene diaminetetra-acetic 
acid 
Genistein 
Glutathione 
7-hydroxyflavone 
6-hydroxyflavone 
Kaempferol 
Luteolin 
Nitroblue tetrazolium (NBT) 
Quercetin 
Sources 
Koch Light Laboratories 
Aldrich Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Prepared in this laboratory 
according to the method of Baker 
B.D.H., India 
B.D.H., India 
Aldrich Sigma Chemical Co.,USA 
Sigma Chemical Co., USA 
Aldrich Sigma Chemical Co.,USA 
Aldrich Sigma Chemical Co.,USA 
Sigma Chemical Co., USA 
Carl Roth, GmbH, Karlsruhe, 
Germany 
Sisco Research Labs., Bombay 
Sigma Chemical Co., USA 
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Sodium azide 
Sodium benzoate 
S|-nuclease 
Supercoiled plasmid pBR322 
Superoxide dismutase 
(Bovine erythrocytes) 
Tris (Hydroxymethyl) amino 
methane HCl 
Triton X-100 
Merck, Germany 
Merck, Germany 
Sigma Chemical Co., USA 
Prepared in this laboratory 
according to the procedure of 
Maniatis et al. (1982) 
Sigma Chemical Co., USA 
Fluka, Switzerland 
B.D.H., India 
All other chemicals were commercial products of reagent grade. 
METHODS 
Stoichiometric Titration of Cu(I) Production 
The concentration of Cu(l) produced in the flavonoid-Cu(Il) reaction 
mixture was determined by titrating with bathocuproine as follows 
flavonoid (10 or 20 \iM) in 10 mM Tris HCl, pH 7.4 was mixed with 
varying concentration of Cu(II) and 120 ^l of 10 mM stock bathocuproine 
aqueous solution was added to a final bathocuproine concentration of 
400 fiM, in a total volume of 3.0 ml. Absorbance at 480 nm was 
recorded. 
Reactions of Flavonoids and Cu(]I) with pBR322 DNA 
The reaction mixture (20 ^l) contained 10 mM Tris HCl pH 7.5. 0 5 |ig 
pBR322 DNA and 0.1 mM flavonoids in presence of 0.1 mM Cu(II) 
The mixtures were incubated at 37°C for time periods indicated in the 
legends after which 8-10 \i\ of the solution containing 50% glycerol 
(W/V), 40 ^M EDTA and 0.05 % bromophenol blue (W/V) were added 
The samples were electrophoresed on 1.4% agarose gels, which contained 
0.5 ^g/ml ethidium bromide. 
Sj Nuclease Hydrolysis 
The enzyme assay was done by estimating the acid soluble nucleotides, 
released from DNA as a result of enzymatic digestion. The reaction 
mixture (0.5 ml) contained lOmM Tris HCl, pH 7.4 and 500 ^g 
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calf thymus DNA (native, denatured or flavonoid treated DNA) The 
reactions were started by the addition of Cu{II) {(). 1 niM). S, nuclease 
digestion of the mixture was carried out in a total volume of 1.0 ml h\ 
addition of acetate buffer 0.1 M. pH 4.5. 1 niM ZnSO^ and 20-."() unii'^ 
of S nuclease. The reaction mixtures were incubated for 2 hours at 
48'C and the reactions stopped by additions of 0.2 ml of 10 mg/ml 
bovine serum albumin and 1.0 ml of 14% perchloric acid. The acid 
soluble material was determined by the diphenylamine method 
(Schneider. 1957). 
Detection of Superoxide Anion (O , ) 
Superoxide anion was detected by the reduction of nitroblue tetrazolium 
(NBT) essentially as described by Nakayama et al (1983). A typical 
assay contained in a total volume of 3.0 ml. 50 mM potassium phosphate 
buffer. pH 7.8. 33 ^M NBT, 0.1 mM EDTA and 0.06% triton X-100. The 
reaction was started by the addition of 40 ^M flavonoids (quercetin; 
kaempferol; luteolin. chrysin, 7.8 dihydroxyflavone, 7 and 6 
hydroxyflavone and an isoflavonoid,genistein). Immediately after mixing 
the absorbance at 560 nm was measured under various experimental 
conditions against a blank which did not contain flavonoids. To confirm 
the formation of O ,". superoxide dismutase (SOD) was introduced into 
the reaction mixture before adding flavonoids. 
Estimation of Hydroxyl Radical (OH ) 
The assay is based on the ability of OH radical to hydroxylate (attack) 
aromatic rings and the measurement of hydroxylated products b\ 
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simple colorimetric method using salicylate (^ hydroxybenzoate) as a 
detector molecule (Richmond . et al., 1981). The reaction mixture (2 0 
ml) contained the following reagents at indicated concentrations: 2 () 
mM salicylate, 0.1 mM EDTA, 0.1 mM Cu(Il) and 150 mM KH,PO^KOH 
buffer pH 8.0. The reactions were initiated by adding 60 ^M flavonoids 
(quercetin, kaempferol, luteolin, chrysin, 7,8 dihydroxyflavone. 7 
hydroxyflavone, 6 hydroxyflavone and genistein) and tubes were 
incubated at room temperature for 2 hours. Reactions were stopped by 
adding 80 i^l of 11.6 N HCl and 0.5 gms NaCl, followed by 4.0 ml of 
chilled diethylether. The contents were mixed by vortexing for 1 
minute. Next, 3.0 ml of upper ether layer was pipetted out and evaporated 
to dryness in a boiling tube at 40°C. The tubes were cooled and the 
residue dissolved in 0.25 ml of cold distilled water to which the 
following reagents were added in order stated : (a) 0.125 ml of 10% W/ 
V TCA dissolved in 0.5 N HCl. (b) 0.25 ml of 10% W/V sodium 
tungstate in water, (c) 0.25 ml of 10% W/V sodium nitrite (freshly 
prepared). After standing for 5 minutes, 0.5 ml of 0.5 M KOH was 
added and absorbance at 510 nm was read exactly after 1 minute. 
Estimation of H^O^ 
HjO^ was determined quantitatively according to the method of Hozumi 
(1969) with modifications. A sample containing approximately 0.2 
|imol of flavonoid in 0.5 ml dimethyl sulfoxide, 1.5 ml distilled water 
and 2 ml of 50 mM sodium phosphate buffer, pH 7.2 were mixed 
vigorously for 1 minute at room temperature. The reaction mixture was 
centrifuged at 9000 rpm for 10 minutes. One half milliliter of the 
solution was added rapidly either to 2 ml of 1% titanium sulphate 
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solution in 2.5 N H^SO^ (as a sample) or to 2 ml of 2.5 N H^SO^ (as a 
blank) and the absorbance was determined at 410 nm. The amount of 
HjOj was calculated from a calibration curve of H^Oj. 
Spectroscopy: 
The absorption spectra were obtained by using Beckman DU-40 
spectrophotometer. All spectrophotometric experiments were done at 
pH 7.4 and ambient temperature. 
Determination of GSH: 
Glutathione was determined by reaction with 5-5' dithiobis-2-
nitrobenzoic acid (DTNB) and reading the absorbance at 412 nm as 
described by Sedlak and Lindsay. 
Synthesis of 7-8 Dihydroxyflavone 
7,8-Dihydroxyflavone was synthesised by the method of Baker. In 
outline, gallacetophenone (2,3,4-trihydroxyacetophenone) and excess 
benzoyl choride (24 h, room temperature in dry pyridine) yielded 
gallacetophenone tribenzoate, melting point (m.p) 118-119°C, which 
was stirred and recovered with dry K2CO3 in toluene (100°C for 6 h). The 
product was treated with boiling acetic acid/ethanol to yield w,3,4-
tribenzoyl gallacetophenone (m.p. 193-194). This is the "Baker 
rearrangement" in which a benzoyl group migrates from the 2-0 to the 
less hindered acetophenone C. Ring closure was achieved by boiling with 
aqueous sodium acetate/acetic acid for 6 h; the intermediate (benzoyl 
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protected) product was not recovered and the solution was diluted with 
water and heated with methanolic KOH. The product , 7,8-
dihydroxyflavone, wasrecrystallisedfromethanoKm.p. 245''C (literature 
value 243''C). The structure was confirmed by 'H NMR (300 mHz) in 
DMSO-d^: the spectrum was assigned as follows, 56, 87 (IH, s, H3), 
56.93 and 57.43 (IH, d, J = 9Hz, H5 and H6), 67.53 (3H, m, H3', 4', 5'), 
68.13 (2H, dd, J, = 9Hz, J^  = 2. H2', H6'), 59.5 (IH, s, 0H7), 610.4 (IH, 
s, 0H8). 
RESULTS 
DISCUSSION 
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Fij»ure 2: Structure of (a) a flavonoid showing the A and K 
rings and the conventional numbering oi' the 
carbon atoms and (b) an isoflavonoid. 
Arrows point to points of substitution by OH groups in the 
compounds and double arrows indicate three possible 
types ol chelation position : 3-4 and 4-5 are specific to 
those positions, ortho refers to any catechol like jiosition 
(3-4' in ring B is shown as an example). The molecules 
shown (lacking hydroxyl substituents) are called (a) fla-
vone and (b) isoflavone. Panel (c) shows part of the 
structure of a reduced flavonoid : one of the groups K, and 
R, is OH and the other is H (see Table 1). 
H H 
RESULTS (Part-I) 
Flavonoids and related compounds in this study 
Table 1 and fig, 2 give the classification of various flavonoids according 
to the types of metal chelation that might, in principle be found In the 
case of compounds with more than one of the patterns (3-4 and 4-5) the 
chelation that is likely to be favoured is listed. The compounds are put 
into groups: Group I (the most reactive) has 3-4 and ortho patterns; 
Group II contains the 3-4 pattern of chelation; Group III has potential 
for 4-5 and ortho chelation; Group IV comprises compounds for which 
4-5 chelation is the only possible method of metal binding Of this 
group, genistein may be anomalous as it is an isoflavonoid. Group V 
contains compounds that are only capable of ortho chelation Group VI 
are predicted to be inactive. In this part of the thesis. I have presented 
experiments which describe the rate of DNA degradation, the rate of 
generation of active oxygen specie.s and the rate of spectral changes 
associated with the binding of Cu(II). 
DNA breakage produced by various structurally related flavonoids 
and Cu(II) 
Table II gives the rate of S, nuclease hydrolysis of calf thymus DNA 
following damage induced by various flavonoids and Cu(II). The 
percent DNA hydrolysed by S, nuclease is dependent on the extent of 
single strand breaks formed by the flavonoid and Cu(II). From table 11. 
the efficacy of the compounds tested was as follows ; quercetin > 
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TABLE-I : SHOWS THE CLASSIFICATION OF VARIOUS 
FLAVONOIDS. 
Group Name (ring type) OH group(s) Possible Predicted 
chelate complexes 
position 
3,5,7,2',3',4' 3-4,4-5,ortho 3-4,ortho* I 
II 
III 
IV 
IV 
V 
VI 
VI 
quercetin (a) 
kaempferol (a) 
luteolin (a) 
chrysin (a) 
genistein (b) 
7,8 dihydroxy-
flavone (a) 
7-hydroxyfla-
vone(a) 
6-hydroxyfla-
3,5,7,4' 
5,7,3',4' 
5,7 
5,7,4' 
7,8 
3-4,4-5 3-4 
4-5,ortho 4-5,ortho 
4-5 
4-5 
orlho 
4-5 
4-5 
ortho 
vone (a) 
'There are two possible ortho pairings, 2-3' or 3'-4', of which the latter is likely to 
be favoured (Markham et. al.). 
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kaempferol > 7.8 dihydroxyflavone > luteolin > chr \s in 7 
hydroxyflavone > 6 hydroxyflavone. The rate of S, nuclease hydroK sis 
was also determined for an isoflavonoid. genistein It may be seen thai 
quercetin causes the largest degree of hydrolysis. The lowest degree ol 
hydrolysis is achie\ed by 7 and 6 hydroxyflavone In order to further 
substantiate these results, conversion of supercoiled plasmid DNA to 
the relaxed circular form was used as an assay (fig 3). This is a 
sensitive test for just one nick per DNA molecule. The same order of 
reactivity was found for the conversion of plasmid pBR322 to open 
circles by the flavonoids. 
Generation of active oxygen species by flavonoids: 
Previous work in this laboratory has shown that quercetin-Cu{ll) 
mediated strand scission of DNA in the presence of molecular o\\geii 
involves the generation of active oxygen species such as superoxide 
anion (Ov) andhydroxyl radicaj (OH ) (Rahman etal. , 1989). Quercetin 
was shown to reduce oxygen to superoxide. In the presence of Cu(Il). 
the hydroxyl radical was formed. The strand scission of DNA was 
shown to occur under condition in which Cu(II) quercetin and either 
hydrogenperoxide or oxygen were present. In the presence of H,(), 
superoxide was not a necessary intermediate. Strand scission involved 
the hydroxyl radical and a radical DNA intermediate (Fazal et al . 
1990). These results indicated that hydrogenperoxide is an essential 
intermediate in the reaction. It was further concluded that the hydroxyl 
radical is produced by the Fenton's reaction : 
HjO^ + Cu(I) > OH + OH- + Cu(Il) 
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TABLE-II : COMPARISON OF S, NUCLEASE HYDROLYSIS 
FOLLOWING DAMAGE TO DNA INDUCED BY FLA VONOIDS 
ANDCU{n). 
DNA nucleotide/compound 
% DNA hydrolysed 
(ds DNA + Havonoid + Cu(Il)) 
Denatured DNA 
Double stranded (ds) DNA 
Quercetin + ds DNA 
Kaempferol + ds DNA 
Luteolin + ds DNA 
Chrysin + ds DNA 
7,8-dihydroxyflavone + ds DNA 
7-hydroxyflavone + ds DNA 
6-hydroxyflavone + ds DNA 
Genistein (isoflavonoid) + ds DNA 
100 
5.0 
41.8 
24.8 
18.2 
16.5 
19.0 
3.0 
4.0 
11.35 
Concentrations of flavonoids and Cu(II) were 0.1 mM and 0.2 mM respectively. 
Percent hydrolysis refers to the loss of precipitable DNA following Sj nuclease 
treatment. Details of S, nuclease assay are given in the "Methods". 
40 
Figure 3: DNA breakage produced by various structurally 
related flavonoids and Cu(II). 
Plasmid pBR322 was incubated for 2 h with a 0.2 mM 
Cu(II) and 0.1 mM flavonoid; the products were fraction-
ated by agarose gel electrophoresis and stained with 
ethidium bromide. From the left the tracks on the gel are 
(a) control plasmid and treatment with, (b) quercetin, 
(c) kaempferol, (d) chrysin, (e) 7,8 dihydroxyflavone, 
(f) 7-hydroxyflavone, (g) genistein is super coiled DNA. 
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The formation of H,(), by O," can occur b\ the following mechanism 
Addition of a second electron to O," gi\ es the peroxide ion {(),- ) which 
has no unpaired electron and is not a radical However, peroxide anion 
(),* at pH around neutrality immediateK protonates to give h\drogen 
peroxide (H ,Oj . in aqueous solution O,' also undergoes dismutation to 
form H,0 , and O, (Haliiwell and Guttendge. 1984) 
2 0 , + 2H^ > H,0 , + O, 
The capacity of various flavonoids to generate superoxide anion ((), ) 
was compared and the results are shown in table 111. The formation oi 
superoxide anion was determined by reduction of nitroblue tetrazolium 
and the values are expressed as nmoles of formazan formed as a 
function of incubation period. As seen, the reaction is completely 
inhibited by superoxide dismutase indicating that the method genuinely 
assays the superoxide anion. The results show that quercetin is the most 
efficient producer of superoxide anion followed by kaempferol. chr\ sin. 
luteolin and 7.8 dihydroxyflavone. Theflavonoid6 and 7hydroxyfla\one 
were inefficient in producing superoxide anion. Genistein, an isoflax onid 
is less efficient in producing superoxide anion. The data are also in 
agreement with the DNA cleavage rates where quercetin was the most 
efficient DNA cleaving flavonoid. 
The capacity of various flavonoids to generate hydroxyl radical in the 
presence of Cu(Il) was also compared (Table IV). This assay uses 
salicylate as the reporter molecule (Richmond et al., 1981). That this 
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TABLK-IV : FORMATION OF HYDROXYL RAHK AL AS ASSVN I J) 
BY THK HYDROXYLATION OF SAM( YLATK in 
STRIKTI RALLY RELATFI) FLANONOIDS 
Fluvonoid Hyclrowlated prculiut 
formed (n niolcs) 
(Jiii'icciin 4,S.s 
KaomplcnU 14.2 
l.uu-nlin V(l 
( 4 i i \ s i i i 4 . (1 
7.N Dihvclroxyriavoni.' M.S 
7 li\ i.lmxyHav()iu' 2.1h 
U h\{ir(),\) flavone 2.76 
(ienistein 6.7() 
Concentration ol f la \onoid in the reaction mixtures were 60 |LIM. Data .lu ihr 
nioans of triplicate samples. Details of other reaction conditions are jivcii m 
the Methods". 
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Fij»ure 4 : (feneration of H,0 , by varions flavonoids 
The H,(), was pioduced as a function of incicasiiijj t(iki 
cetin ( • ). kaempferol ( x ). luteolin ( o ). chr\ sin ( 4 ). ~.^  
dihydroxyflavone ( A ). and genistcin ( * ) : f-iaxonoul -
Calalasc ( J^). 
2.0 3 0 
PlQvonoids ( ^ moles) 
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assay genuinely measures hydrox> 1 radical was prcviousK demonsiiaud 
by inhibition with hydroxy! radical scavenging agents (Fa/al ct al 
l^^O). The rate of hydroxyl radical formation follows a pattern simil;u 
to the production of superoxide anion by various flavonoids gnen in 
table IV 
As described above, the pathway for the generation of hydroxyl radaal 
involves H ,0 , as intermediate which in turn gives rise to the superoxide-
anion. Therefore, it wasof our interest to compare the rate of production 
of H,0 , b\ different flavonoids. The method involves the oxidation ol 
titatium to pertitanic acid by hydrogen peroxide (Hozumi. 1^ 6*^ ') i ig 
4 shows the production of H^O^ with increasing concentratu^ns ol 
flavonoids. It is seen that hydrogen peroxide formation increases with 
increasing concentration of different flavonoids. It is further seen thai 
quercetin. followed by kaempferol, chrysin and luteolin are the most 
efficient producers of hydrogen peroxide. The flavonoid 6 and 7 
hydroxyflavone lack the capacity to form hydrogen peroxide. Genistein. 
is less efficient producer of hydrogen peroxide anion. In the presence 
of catalase, H , 0 , is not produced confirming that the procedure 
employed genuinely measures H^O,. 
Reduction of Cu(II) to Cu(I) by various flavonoids: 
Bathocuproine and neocuproine are selective Cu(II) sequestering agents 
These compounds have been earlier employed to quantitativeh detect 
the reduction of Cu(II) to Cu(I) by quercetin (Rahman et a l , 1 989) The 
Cu(I) chelates of bathocuproine and neocuproine have absorption 
maxima at 480 and 450 nm respectively (Jaselow and Dawson. 1951: 
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Figure 5: Stoichiometry of flavonoid-Cu(II) interaction 
The concentration of flavonoids used were 10 ^JM ( • ) :iiul 
20 fjM { O ). The difference in absorbance at 4S() nni ol 
samples with and without added Cu(II) is plotted \CISIIN 
molar ratio or Cu(II) and various flavonoids. The \aluc nl 
the independent variable at the intersection of the two llnc'^  
is a measure of the moles of Cu(II) converted toC'vid) pci 
mole of flavonoids. The values obtained for various fla-
vonoids are : (a) kaempferol. 1:3: (b) luteolin. 1:4: l o 
chrysin. 1:5: (d) 7.8 dihydroxyflavone. 1:.3: (c) "' 
hydroxyflavone. 1:3: (f) 6 hydroxyflavone. 1:3: (g) 
Genistein (an isoflavonoid). 1:5. 
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Nabcsar. 1964) Under the condition of our reactions, neither C u(II) 
nor the flavonoids interfere with these maxima. However, flaxonoid^ 
plus Cu(II) generate Cu(l) As the absorbance of bathocuproine-("u(I) 
IS not masked by the yellow flavonoid chromophore it is possible to 
calculate the concentration of Cu(I)-bathocuproine complex in such ;i 
solution in the presence of the flavonoids from the absorbance at 48(i 
nm and the molar extinction co-efficient of the complex (I 3500) at this 
wavelength (Rahman et al., 1990). A Job plot (Wong et al., 1984) ol 
absorbance versus Cu(ll)/quercetin reveals maximum absorbance at the 
Cu(II)/quercetin molar ratio of 5.0 at which maximum conversion ol 
Cu(ll) to Cu(l) is achieved. Such ratio (fig. 5) was determined to he ."^  
for the compounds kaempferol , 7,8 d ihydroxy- f l avone . 7 
hydroxyflavone, and 6 hydroxyflavone. Similar ratios were determined 
to be 5 for both chrysin and genistein while luteolin has a molar ratio 
of 4. Two different concentrations of flavonoids, namely 10 fiM and 20 
HM were used and the same ratio was obtained at both the concentrations 
Thus, the ratio obtained with each flavonoid gives the stoichiometr\ for 
the reduction of Cu(II) by the free flavonoid. From the absorption data 
A^ ^^ ,,^  shown in (fig. 5) for various flavonoids, the amounts of Cu(I) 
produced were calculated by the formula: Concentration = A 
^4xo,o/^^500' where A^ ,^ ,,^ ^^  and A^^^^^^^ are the absorbance at 480 nm oi 
the samples with and without Cu(Il) and 13500 is the molar absorpti vit\ 
of the chromphore. The results are given in Table V (a - g). The data 
indicate that all the flavonoids on the addition of 1 equivalent of Cu(II) 
produced 1 equivalent of Cu(I) at concentrations below the equilibrium 
levels. 
4 8 
T A B L F - \ (AL : P R O D I ( T I O N O F ( K D F R O M K A F M I ' F F R O I 
(11(11) INTF:RACTION AS ( A F ( I L A T K I ) F R O M 
S P E ( T R O P H O T O M E T R K D A T A . 
(11(11) added "Cud I produced 
(pM) 10 pM kaenipferol 20 p.M kai inpf t i o 
(I 0 0 
10 0.4 
20 IS.X 
^0 ^0 .02 
40 29.6 
.SO V^.O 
60 ^2.2 
70 U.2 
SO Vi.4 
MO ^ 1 . 7 
100 \S.7 
120 NT 
140 NT 
160 NT 
i SO NT 
200 NT 
Assays were carried out as described under a "Methods". 
Toncentratio?is of Cu(l) were calculated by using the equation : A = ICi in 
which 1 = 13.^00: L = 1 cm. 
NT = Not tested. 
N'l 
IX.X 
NT 
^7.X 
NT 
s.'^.s 
NT 
S7.> 
NT 
5'). "^^  
61.5.^ 
6.^.77 
66.37 
71.') 
71.9 
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TABLE-V(b) : PRODUCTION OF CII(I) FROM LIITEOLIN-CIKII) 
INTERACTION AS CALCULATED FROM 
SPECTROPHOTOMETRIC DATA. 
Cu(ll) added "Cu(I) produced 
(pM) 10 M M 20 M M 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
120 
140 
160 
180 
200 
0 
10.2 
17.0 
30.1 
38.6 
37.5 
39.6 
41.8 
39.6 
39.2 
39.2 
NT 
NT 
NT 
NT 
NT 
0 
NT 
18.2 
NT 
34.14 
NT 
61.K 
NT 
77.4 
NT 
77.1 
76.6 
75.0 
77.1 
77.1 
76.9 
50 
TABLE-V(c) PRODUCTION OF CU(I) FROM CHRYSIN-Cld l ) 
I N T E R A C T I O N AS CALCULATED FROM 
SPECTROPHOTOMETRIC DATA. 
Cu(II) added Cu(I) produced 
(MM) 10 H M 20 MM 
10 8.0 NT 
20 19.5 15.3 
30 28.8 NT 
40 38.5 39.1 
50 50.2 NT 
60 52.5 57.62 
70 53.2 NT 
80 53.9 77.18 
90 54.8 NT 
100 55.6 100.4 
120 NT 105.18 
140 NT 105.9 
160 NT 108.14 
180 NT 109.33 
200 NT 111.1 
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TABLK.V(d) : P R O D U C T I O N OF Cl)(I) FROM 7,X 
I ) I H Y D R O X Y F L A V O N E - C l ! ( l l ) INTERAC TION AS 
( AL( U L A T E D FROM S P E C T R O P H O T O M F T R K 
DATA. 
( i K l l t added Cii(I) produced 
(pM) 10 MM 20 H M 
1(1 1(1.9 NT 
20 17.9 lS..*i 
^0 25.(^ NT 
4(1 27.0 ^ 7^.7 
.^ 0 27.4 NT 
60 31.2 55.9 
70 21..S NT 
SO 29.1 4X.^ 
90 2S.N NT 
100 29.0 4X.2 
120 NT .59.1 
140 NT 5S.4 
160 NT .SI.9 
IKO NT .'^ S.S 
200 NT 5X..S 
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TABLE-V(e) : PRODUCTION OF CU(I) FROM 7 HYDROXYFLAVONE-
CU(II) INTERACTION AS CALCULATED FROM 
SPECTROPHOTOMETRIC DATA. 
Cu(II) added Cu(I) produced 
(pM) 10 pM 20 MM 
10 8.S NT 
20 19.1 19.5 
30 28.8 NT 
40 30.5 30.9 
50 30.1 NT 
60 33.3 58.5 
70 37.8 NT 
80 36.0 61.0 
90 37.8 NT 
100 30.7 61.6 
120 NT 62.9 
140 NT 66.3 
160 NT 65.9 
180 NT 66.6 
200 NT 69.2 
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TABLE-V(f) : PRODUCTION OF CU(I) FROM 6 HYDROXYFLA VONE 
CIJ(II) INTERACTION AS CALCULATED FROM 
S P E C T R O P H O T O M E T R I C DATA. 
Cu(II) added Cu(I) produced 
(pM) 10 jiM 20 pM 
II) X.X NT 
20 I>i.y 27.1) 
^^0 2S.1 NT 
40 31.1 3X.5 
50 .^1.0 NT 
M) ^2A) 56.0 
70 3.v_^ NT 
XO ^23 59.3 
90 .^6.0 NT 
100 ^h.^ 61.0 
12(1 NT 62.2 
140 NT 6.^.0 
160 NT 64..S 
1X0 NT 65.x 
: o o N T 66.0 
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TABLK-V(j:): PRODK TION OF CI (I) FROM (.KMSTFIN-
Cl (II) INTERACTION CALC I LATFI) FROM 
SPEC TROPHOTOMETRIC DATA. 
Cu(II) added Cu{l) produced 
(pM) 10 nM 20 M M 
10 
20 
30 
40 
SO 
60 
70 
80 
90 
100 
120 
140 
160 
180 
200 
5.3 
9.3 
14.8 
20.4 
27.4 
29.6 
29.7 
31.1 
31.7 
32.2 
NT 
NT 
NT 
NT 
NT 
NT 
10.6 
NT 
18.6 
NT 
29.6 
NT 
44.1 
NT 
.S4.8 
56.2 
57.1 
55.1 
55.1 
57.7 
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Changes in absorption spectrum of flavonoids upon reaction with 
Cu(II) 
Theflavonoids used in this study, exhibit a visible absorption spectrum 
below 500 nm with a major peak around 380 nm. In case of quercetin. 
the addition of Cu(ll) results in an instantaneous disappearance of the 
major band and the appearance of a broad peak around 450 nm. which 
is characteristic of the formation of a charge transfer complex The 
absorption spectrum further changes as a function of time with gradual 
disappearance of the peak at 450 nm and the appearance of a new 
species absorbing at 330 nm (fig. 6a). Possibly this represents the 
Cu(II) catalysed oxidation products of quercetin (Fazal et al.. IQ^O) 
Fig. 6(b-h) showsimilar experiments with kaempferol, luteolin. chrysin. 
7.8 dihydroxyflavone, 7 hydroxyflavone, 6 hydroxy-flavone and an 
isoflavonoidgenistein. Quercetin, kaempferol and luteolin show similar 
spectral changes (large hypsochromic and hypochromic shifts) 
characteristic of the formation of charge transfer complexes (Rahman 
et al., 1990) but these decay at different rates possibly reflecting the 
different (but unknown) decomposition pathways of the flavonoids. We 
do know that in the case of quercetin the decomposition requires 
oxygen and is accelerated by the presence of DNA (Rahman et al . 
1989). The simplest explanation for the seemingly anomalous behaviour 
of chrysin (fig. 6d) is that a complex is formed but decomposes 
essentially instantaneously. Genistein, (fig 6h) an isoflavonoid seems 
not to form a charge transfer complex . The flavonoid 7.8 
Dihydroxyflavone (fig. 6e) does not have the characteristic flavonoid 
absorption in the 320-390 nm region and the hyperchromic shift of the 
catechol peak at 292 nm is possibly a feature of Cu(n)-chelation by 
56 
Figure 6: Time course of absorption spectral chanj^es in 
various flavonoid induced by the addition of 
Cu(II). 
(a) Spectra of a solution containing quercetin (50 pM ) <iiul 
Cud I) (150 MM) in 10 mM Tris-HCl buffer. pH 7 5 wen 
recorded after times (min 1 of ( o ) 1. ("-j 5, (—) 10. (—•* 
15.(. . . .) 
(b - h) Spectra corresponding to those in (a) were rccordcti 
for kaenipferol. luteolin. chrysin. 7.8 dihydroxytla-vonc. ' 
hydroxyflavone. 6 hydroxyflavone and an isoflavonmd. 
genistein under the same conditions. In all. from h-h the 
spectra recorded in the absence of Cu(ll) (no points) u;i-
used for the zero time reading. 
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calechols. It is not certain how these differences in the spectral bchavioui 
of different flavonoids may be related to the relative DNA clca\agc 
efficiencies of different flavonoids. As suggested above the peak 
appearing at 330 nm, on decay of charge transfer complex represents 
the oxidation products of quercetin (Fazal et al., 1 990). Such a peak is 
also observed on oxidation of rutin by horse radish peroxidase 
(Takahama. 1986). 
DISCUSSION (Part-I) 
The major conclusion of the experiments described in the Results nKi\ he 
stated as follows : 
(I) All three forms of Cu(II)-flavonoid complex 3-4. 4-5 and ortho can 
generate species that attack DNA, but the 3-4 complex is more acti\e 
than the other two forms. 
(II) The presence of ortho-dihydroxy groups enhances the acti\it\ o1 a 
complex with the 3-4 configuration. 
(III) The effects of 4-5 and ortho configuration in the same molecule are not 
additive. 
(IV) The presence of additional hydroxyl groups in a flavonoid enhances the 
reactivity. 
Comparison of 7-8 dihydroxyflavone (group V) with chrysin (group 
IV) support our (I) conclusion. Quercetin (group I) supports our (II) conclusion 
Conclusion (III) is supported in case of luteolin (group III) where 3-OH is 
missing in the A-ring. The lower reactivity of luteolin might be due to the 
preferential sequestration of Cu(II) by the ortho configuration. It is thus 
possible that Cu(II) has a higher affinity for the less reactive ortho structure 
The enhanced reactivity of additional OH groups (IV) is evidenced bv 
quercetin (group I) and chrysin (group IV). 
Thus, there are three different complexes (3-5, 4-5 and ortho) whereb\ 
a metal-flavonoid complex can fragment DNA. The formation of a charge-
60 
Figure 7: Possible routes for the generation of Cu(I) from 
Cu(II) in the presence of quercetin. 
Quercetin (I) can sequester Cu(II) to generate (II) which, 
on oxidation of the quercetin, leads to intermediate cation 
(III). Alternatively sequestera- tion of OH groups at posi-
tion y and 4' (Fig. 1 a) gives IV. This can lead, in principle, 
to the reduction of two Cu(II) species with quercetin being 
oxidized via an intermediate (such as V) to the quinone 
(VI). 
II III 
HO 
V / 
HO 0 
HO 0 
VI 
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transfer complex is not involved in at least one of these mechanisms lahK 
VII summarises the formation of possible charge transfer complexes with 
Cu(ll) The proximal DNA scission reagent is the hydroxyl radical is supported 
by the independent finding that this radical can be produced by forming each 
of these types of complex (Puppo. 1982) (Table 1 and Table VI). 
In a study of Cu(Il) catalysed oxidation of quercetin and 3-
hydroxyflavone Utaka and Takeda (1985) observed that the oxidation of the 
latter required a higher temperature and a longer reaction time whereas, the 
former could be oxidized at room temperature. This was explained by the fact 
that quercetin possesses electron donating hydroxyl at 3' and 4' positions in 
the B-ring which makes C-2 carbon electron dense, thereby facilitating the 
oxidation of quercetin to 2-alkoxyflavone-3-4 dione. Possibly the same 
mechanism explains the observation of increased hydrolysis of DNA with 
more number of hydroxyl groups in the B-ring (Fig. 7 top panel). It max he 
mentioned that there may be several oxidized forms of quercetin and the 
nature of these may change during the subsequent reactions. 
The above mechanism of Cu(II) mediated oxidation of flavonoids 
would be plausible only in case of kaempferol (group II) and quercetin (group 
I) with one and two hydroxyl groups respectively in the B-ring. The case of 
luteolin (group III) however, is more intriguing as it does not possess 3-OH 
and has only two OH groups in the B-ring. In case of chrysin (group IV) the 
only conceivable groups for sequestering Cu(II) leading to its reduction 
would be hydroxyl group at position 5 and 7. 7,8-Dihydroxyflavone (group V) 
possesses two hydroxyl groups at position 7 and 8 for Cu(Il) sequesteration 
An isoflavonoid, genistein (group V) possess three OH groups at 5,7 and at 3' 
positions which are the possible sites for Cu(II) sequesteration. In case of 7 
62 
and 6-h\ dr()\Nfla\onc (group VI) no Cu(ll) sequestration occurs because tlie\ 
possess only one OH group at position 7 and b respectively 
From the abo\e. it would appear that reduction ol Cu(Il) to (. u(l) b\ 
various flavonoids is the critical event in DNA degradation As seen in 
•Results" the degree of ru ( l ) formation is directly related to the rate of DNA 
cleavage It has been earlier proposed in our laboratory (Rahman et al . 1 *-)S'^ )) 
and subsequently established (Rahman et a!., 1990) that a ternary complex of 
CullU-quercetin-DNA is formed. Free flavonoids can catalyse the reduction 
of Cu(n) to Cu(I) in the absence of DNA through generation of superoxide-
anion However, the formation of ternary complex is essential for subsequent 
reoxidation of Cu(l) (to generate active oxygen species) and the accompanxmu 
cleavage of DNA. The generation of oxygen radicals in the proximitx of DNA 
is well established as cause of strand scission (Wong et al.. 1984. Ehrenfield 
et al . 1987; Eliot et al . 1984). It is recognised by most workers that h\ drox\ I 
radical reactions with DNA are preceeded by association of a complex with 
DNA. followed by the production of the hydroxyl radical at that particular 
site. Thus, the nature of binding and selectivity of the ligand ma\ determine 
the type of reaction of DNA damage by oxygen radicals. 
It is well established that one of the modes of binding of quercetin to 
DNA could be through intercalation. Thus, the clea\age pattern of 
phosphodiester bonds by quercetin complex which cleax es through generation 
of OH radical leads to the observation that quercetin-Cu(II) cleavage reaction 
of DNA has the potential to be used as a foot-printing reagent as it generates 
uniform sequence ladders (Ahmad et al., 1994). DNase-1 is known to be 
sensitive to small differences in the DNA structure and therefore give rise to 
sequence dependent pattern of cleavage in duplex DNA (Fox and Waring. 
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l'^84). For example, it has been suggested that DNase-I binds across niin<M 
groove of double helix and that local variations in groove width might atTcci 
the cutting efficiency of the enzyme. The width of the groove is diflerent m 
runs of AT sequences and GC sequences (Drew and Travers. 1^84). it appeal ^  
from the above results that such structural differences do not affect the rates 
of cleavage of DNA by the quercetin-Cu{Il) reagent. Some other DNA loot 
printing reagents in this category have been used with advantage and include 
the copper-phenanthroline system (Annick and Sigman. 1985) and methidiuni 
propyl EDTA-Fe(Il) system (Van Dyke and Dewan. 1983). Such system can 
also be used to construct site specific DNA cleavage agents by co\alentl\ 
attaching the chelator to a sequence specific DNA binding protein (Ebnght c\ 
al.. 1990; Sutton et al., 1993). Thus, quercetin-Cu(lI) system would be an 
useful addition to the repertoire of such DNA foot-printing reagents 
P a r i - I I 
Oxys^eu is» M€»i r e q u i r e d f<»r 
def^ra(1aii«»u «»f DI^A b y i^lutailiit^iic 
a u d CuCII) 
RESULTS (Part II) 
Glutathione-Cu(II) interaction 
In earlier studies on the flavonoid quercetin-Cu(ll) mediated DNA 
degradation the complexes involved in quercetin. DNA and Cu(ll) 
interaction have been studied (Rahman et al., 1990). It has been shov\?i 
that quercetin and Cu(Il) form a charge transfer complex which absorbs 
at around 450 nm and decays in an oxygen dependent reaction A 
ternary complex of quercetin. Cu(II) and DNA is formed which generates 
DNA damaging hydroxyl radicals from molecular oxygen through the 
formation of superoxide anion. DNA degradation does not occur in the 
absence of oxygen (Fazal et al., 1990; Rahman et al., 1989). The deca\ 
of charge transfer complex is a slow process but is complete in about 1 5 
minutes. However, in the presence of DNA it is considerably faster and 
is completed in about 1 rninute. This was interpreted to indicate thai 
Cu(II) induced oxidation of quercetin is promoted by DNA. Promotion 
by DNA of Cu(II) induced oxidation of catechols such as DOPA. 
dopamine and epinephrine has also been reported (Prutz, 1993). Similar 
acceleration of the decay of quercetin-Cu(II) charge transfer complex 
by glutathione is observed (Fig. 8a). The acceleration is also seen in the 
absence of oxygen (Fig. 8b). Depending on the extent of oxidation a 
range of quercetin derived oxidation products may be formed (Ahmad 
et al., 1992). Under aerobic conditions these products absorb belovv 
325 nm (Ahmad etal . , 1992; Rahman etal . , 1990). This is also seen in 
the experiment in figure 8a where under aerobic conditions the 
products formed absorb below 325 nm (peak not seen in figure 8a) 
Figure 8: Effect of time on absorption spectra of quercetin 
(50 fiM) in the presence of Cu(II) (150 jiM) and 
GSH (500 MM) 
Panel (a) : spectra in the presence of air. Trace 1 is the 
spectrum of quercetin alone; trace 2-4 are recordings after 
1, 5 and 15 minutes respecti-vely. Panel (b): spectra under 
anaerobic conditions. Trace 1 : quercetin alone; traces 2-
4. recordings after 1, 5 and 15 minutes before mixing in the 
cuvette after which nitrogen was again bubbled for 2 
minutes and the cuvette sealed with paraffin. 
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Figure 9: Effect of GSH on the generation of superoxide 
anion by quercetin. 
The concentration of quercetin used in the reaclicn nii\ 
ture was : 40 pM (•) quercetin alone: (o) quercetin plus 40 
|JM GSH; ( X ) quercetin plus lOO |JM GSH. ( A ) quercetin 
plus 50 Mg/ml SOD. 
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However under anaerobic conditions a peak is seen at around 350 nm 
(Fig. 8b). Apparently the oxidation of quercetin does not proceed to 
completion in the absence of air. Since the quercetin-Cu(II) charge 
transfer complex does not decay in the absence of oxygen, it is further 
suggested that GSH interacts with the complex by accepting an electron 
and initiating the oxidation process of quercetin. It has been earlier 
shown that quercetin alone is capable of reducing molecular oxygen to 
superoxide anion (Fazal et al., 1990). Figure 9 shows the effect of two 
concentrations of GSH on the rate of formation of superoxide by 
quercetin. Both concentrations of GSH in a progressive manner inhibit 
the rate of superoxide production. One explanation of this result would 
be that GSH acts as an electron acceptor and therefore competes with 
molecular oxygen. Taken together the results of figures 8 and 9 would 
be consistent with GSH acting as an electron acceptor either from 
quercetin alone or from quercetin-Cu(II) charge transfer complex 
Stoichiometry of GSH-Cu(ll) interaction 
In the experiment shown in figure 10 increasing concentrations of GSH 
were added to a fixed concentration of Cu(ll) (300 ^M) and the 
concentration of free GSH was determined in the solution It is seen that 
free GSH is not detected in the solution to a significant extent upto 300 
^M concentration. The results indicate that 1 ^mole GSH is able to 
reduce I ^imole of Cu(II). That Cu(I) is formed was confirmed by using 
the Cu(I) specific sequestering reagent bathocuproine (Rahman ct al . 
1989). 
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Figure 10: Determination of the stoichiometry ol (iSH-
Cu(ll) interaction. 
Increasing concentrations of CiSH were added to ^00 |LIM 
Cu(II) solutions before estimating free GSH conccnira 
lions as described in the text. 
c 
CM 
C9 
c 
O 
1 -
o 
ut 
n 
< 
2 .00 -
1.60-
1.20-
0.80-
0.40-
400 600 
[GSH] jLiM 
800 
72 
DNA degradation by glutathione alone and in the presence of Cu(II) 
Glutathione alone and in the presence of Cu(n) generated S, nuclease 
sensitive sites in calf thymus DNA (Rahman et al., 1989). The reaction 
was assayed by recording the proportion of double stranded DNA 
converted to acid soluble nucleotides by S, nuclease. As seen, increasing 
concentrations of GSH lead to a progressive increase in the production 
of acid-soluble material and this is enhanced in the presence of Cu(II) 
(Table VIII). Both with GSH alone and in the presence of Cu(n) . the 
production of acid soluble material was still observed when the reaction 
mixture was incubated under anaerobic conditions. Supercoiled plasmid 
DNA was also examined as a substrate with glutathione alone and as 
shown in figure 11, the supercoiled molecules were converted to 
relaxed open circles in a dose depertdent reaction. Thiols are considered 
to cause DNA cleavage in the absence of Cu(II) at millimolar 
concentrations (Reed and Douglas, 1991). However, strand cleavage at 
considerably lower GSH concentration was detected. 
Effect of radical scavengers on GSH-Cu(n) mediated DNA cleavage 
Figure 12 shows the effect of various scavengers of radicals on CJSH-
Cu(II) catalysed cleavage of plasmid DNA. Sodium azide and potassium 
iodide are singlet and triplet state quenchers respectively (Korycha-
Dahl et al., 1980). SOD and catalase remove superoxide anion and 
hydrogen peroxide respectively. Benzoate and mannitol are scavengers 
of hydroxyl radicals. Only sodium azide and potassium iodide afforded 
partial protection to the conversion of supercoiled molecules to relaxed 
open circles. Also, no inhibition of DNA cleavage is seen by scavengers 
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TABLE-VIII: S. NUCLEASE HYDROLYSIS OF CALF THYMUS 
DNA TREATED WITH GSH AND CU(II). THE 
CONCENTRATION OF CUCL^ USED IN ALL 
EXPERIMENTS WAS 300 pM. 
Reaction conditions 
1. Denatured DNA 
2. dsDNA alone 
3. dsDNA + GSH (25 ^M) 
4. dsDNA + GSH (50 MM) 
5. dsDNA + GSH ( I O O M M ) 
6. dsDNA + GSH (150 ^M) 
7. dsDNA + GSH 200 \iM) 
X. dsDNA + GSH (300 MM) 
y. dsDNA + GSH (100 MM) 
(Anaerobic incubation) 
% DNA Hydrolysed 
100 
6.0 
GSH alone 
7.1 
11.0 
14.0 
15.6 
17.5 
20.0 
12.3 
100 
7.0 
GSH + Cu(II) 
iy.5 
22.0 
24.2 
26.6 
29.6 
33.5 
20.0 
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Figure 11 ; Cleavage of supercoiled pBR322 plasmid DNA 
by GSH alone. 
Figure shows the effect of increasing concentrations of 
10, 20. 50, 100 and 200 ^M GSH respectively. The 
reaction mixtures were incubated for 2 hours at 37°C. 
Lane a DNA alone 
Lane b : DNA + GSH (lOuM) 
Lane c : DNA + GSH (20MM) 
Lane d : DNA + GSH {50MM) 
Lane e : DNA + GSH (lOOpM) 
Lane f : DNA + GSH (200MM) 

7b 
Figure 12: Effect of active oxygen scavengers on GSH-
Cu(II) mediated DNA breakage. 
(a) DNA alone: (b) GSH (lOO pM) and Cu( ID (20() LIM ); (c 
- h) same as lane (b) with KI (5()mM). NaN,(5()mM). Na 
hen/cuite (50 mM), Mannitol (50 mM). SOD (KM) M.^ /nil) 
and catalase (100 fig/ml) respectively. 
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of hydroxyl radicals viz benzoate and mannitol. Hydroxy! radicals can 
arise by either the Haber-Weiss reaction (O / + H^O^ —> OH + OH ^ 
(),) or Fenton reaction (H,0 , + Cu(I) —> OH + 0 H +(u ( I I ) ) 
Formation of superoxide anion can also inturn lead to production ol 
hydrogen peroxide (Halliwell and Gutteridge. 1984). Thus the formation 
of superoxide anion from molecular oxygen is essential for the generation 
of hydroxyl radicals. Since sodium azide (which scavengers sinelct 
oxygen) affords only partial protection to supercoiled DNA. these 
results further confirm that molecular oxygen is not essential for (iSH-
Cu(Il) mediated DNA cleavage. 
Stoichiometry of GSH-Cu(ll) interaction 
To determine the stoichiometry of Cu(II) reduction by GSH-Cu(l) 
sequestering agent namely bathocuproine was used. The bathocuproi ne-
Cu(I) complex absorbs maximally at 480 nm and the molar extinction 
co-efficient of the complex is 13500 M ' c m ' (Nebesar. 1964) Using 
this information the concentration of Cu(I) produced in the presence ol 
GSH and increasing concentrations of Cu(II) was calculated The 
results given in table IX reveal that Cu(II) is qnantitatively converted 
to Cu(I) upto a Cu(II)/GSH molar ratio of 3. A job plot (Wong et a! . 
1984) of absorbance versus (Cull/GSH) (Fig. 13) also showed maximum 
absorbance at a ratio of 3 at two different concentrations of GSH This 
implies a 3:1 stoichiometry for the reduction of Cu(II) by free GSH 
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Figure 13: Stoichiometry of GSH-Cu(II) interaction 
The concentration of GSH used were 10 pM ( • ) aiul 10 
jjM ( o ). The difference in absorbance at 480 iim ot 
samples with and without added Cudl) is plotted \crsucs 
molar ratio. The value of the independent variable at the 
intersection of the two lines is a measure of the moles o( 
Cudl) converted to Cu(I) per mole of (iSH. The value 
obtained for GSH is 1:3. 
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TABLE-IX: PKODICTION OF CII(I) FROM (;SH-( Td l ) 
INTERACTION AS CALCULATED FROM 
SPECTROPHOTOMETRK^ n A T A \ 
( 11(11) added Cii(I) produced 
(MM) U)^lM 20 MM 
10 )().() NT 
2(1 IX.S 19.9 
,^ (i 26.4 NT 
40 27.1 ^K.S 
.*iO 27 .4 NT 
60 2X.9 57 .6 
70 2S.X N T 
SO M)3 .59.1 
90 31.x NT 
100 :^ :^ .2 60.s 
120 NT 62.^ 
140 NT 6 1.1 
160 NT 6T4 
ISO NT 6.5.0 
200 NT 67.4 
A.ssays were carried out as described under "Methods'". 
•'Concentrations of Cud) were calculated by using the equation : a = I C L 
in which I = I.T5()0. L = 1 cm. 
NT = NiU leslcd 
DISCUSSION (Part-II) 
Several lines of indirect evidence presented above strongly suggest that 
molecular oxygen is not essential for DNA cleavage by glutathione and 
Cu(II). In the absence of species derived from molecular oxygen such as 
hydroxyl radical and singlet oxygen, the other reactive species involved could 
be thiyl radicals. Although direct evidence for the formation of thiyl radicals 
is not shown, it is suggested that DNA is degraded by GSH-Cu(II) system 
through a variety of species including thiyl radicals. The results of figures 8 
and 9 indicate that glutathione can act as an electron acceptor which would 
result in the formation of a thiyl radical. Figure 10 shows that Cu(ll) is 
directly reduced by GSH giving rise to Cu(I) and possibly thiyl radicals (GS ) 
(see below). DNA degradation to a significant extent occurs under anaerobic 
conditions, by both GSH alone and in the presence of Cu(II) (Table Vlll). The 
fact that glutathione alone is capable of DNA cleavage would also be 
supportive of the generation of thiyl radicals. Finally, no inhibition of 
cleavage of plasmid DNA is seen by SOD and catalase (scavengers O , + H,0 , 
respectively). Reed and Douglas (1993) have earlier examined the chemical 
cleavage of plasmid DNA by glutathione in the presence of Cu{Il) ions. 
According to these authors, the hydroxyl radical scavengers mannitol and 
glycerol gave conflicting results; glycerol protected supercoiled DNA upto 
85% whereas mannitol afforded no protection. SOD, at concentrations as high 
as 1 mg/ml provided only limited protection which was not abolished on using 
boiled enzyme. Clearly such protection could not have been due to quenching 
of superoxide anion. However, sodium azide inhibited DNA cleavage which 
is in agreement with the results where potassium iodide also provides partial 
inhibition. As already mentioned sodium azide and potassium iodide are 
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singlet and triplet oxygen quenchers. Although Reed and Douglas (1993) have 
implicated hydroxyl radicals as the major DNA cleaving species their results 
clearly do not rule out the involvement of additional proximal DNA cleaving 
agents. It is therefore suggested that thiyl radicals in addition to hydroxyl 
radicals and singlet oxygen are responsible for DNA degradation by GSH-
Cu(II). It is well established that one-electron oxidation of the labile mercapto 
group of thiols leads to an equilibrium between free thiyl radicals and 
disulphide radical anions (Prutz, 1994). 
GS + GS-^-^^GSS G 
This reaction has been shown to be conveniently initiated by radiolysis 
of aqueous solutions. All three radical species may arise in GSH-Cu(II) 
system. 
GSH + Cu(II) > GS + Cu(l) 
GS +Cu(I) >GS- + Cu(II) 
CD GS + GS-. > GSS G 
In view of ubiquitous presence of GSH in living cells, the formation t)[ 
thiyl radicals may have implications for a number of pathological conditions 
For example increased levels of oxidative DNA damage have been suggested 
to be important in the pathology of Parkinson's and Alzheimer's diseases 
Further. Halliwell and coworkers (1984) have shown that copper ion 
concentrations in human brain tissue damaged in Parkinson's disease are at a 
level that could promote oxidative DNA damage in the presence of endogenous 
substrates such as L-DOPA (Husain and Hadi, 1995). In this context the 
endogenous presence of GSH in cells at a relatively high concentration could 
be of interest 
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